It is well recognized that an important first step in bacterial infection of the host is the manifestation of specific surface components by the pathogen to facilitate its entry of host cells and tissues. Many organisms have evolved novel adhesins that can bind to molecules commonly found on the eukaryotic cell surface, such as integrins (17, 38) , glycosaminoglycans (16, 22, 41) , or specific sugar residues (8, 10) . A number of complex surface structures are also expressed by bacteria to seek out the appropriate host cells; these include the formation of fimbriae (pili) (2) and complex cell wall structures exemplified by the type III secretion systems (14, 19, 26) . Following entry into the host, Mycobacterium tuberculosis shows a tropism for macrophages but can also infect epithelial cells (30, 33, 43) . M. tuberculosis has also been shown to have ligands that bind to extracellular matrix proteins like fibronectin (1, 37, 47) and proteoglycans (16, 33) . Schlesinger et al. (42) have described complement and mannose receptors on macrophages that promote the phagocytosis of mycobacteria. Genetic studies of M. tuberculosis have identified numerous genes, such as mce (3) , eis (45) , and erp (7), encoding proteins that enhance mycobacterial entry and survival within macrophages. Although progress has been made, the molecular mechanisms of mycobacterial infection of host cells remains unexplained.
Transposon mutagenesis has been successfully used to identify novel genes that encode for bacterial virulence factors and surface components (6, 27) . In the past few years, transposon mutagenesis systems specific for mycobacteria have been developed (4, 24, 34) and have been used to generate auxotrophic mutants in mycobacteria (29) as well as identify new virulence factors (7, 20) . An insertional mutagenesis strategy, combined with the information available from the sequencing of the M. tuberculosis genome (12) , constitutes a powerful approach for characterizing the function of mycobacterial proteins.
In this investigation, we initially performed a genetic screen of Mycobacterium bovis BCG Pasteur mutagenized with Tn5367 in an attempt to identify novel mycobacterial adhesins. Here we show that a transposon inserted into a gene encoding a PE_PGRS protein present in BCG results in a mutant showing dispersed growth in liquid media and impaired ability to enter and/or survive within macrophages. The results indicate that certain PE_PGRS proteins may be localized to the cell surface and influence the interactions of mycobacteria with other cells.
MATERIALS AND METHODS
Microorganisms and growth conditions. A library of Tn5367 transposon mutants was generated in BCG Pasteur (obtained from the Statens Serum Institut, Copenhagen, Denmark) as described previously (4) . Individual colonies from a library of 1,920 independent mutants were propagated in 96-well plates and screened for cells with dispersed growth phenotypes. All mycobacteria were cultured on 7H11 agar (Difco, Detroit, Mich.) or in stationary culture flasks containing 7H9 media supplemented with oleic acid-albumin-dextrose-catalase enrichment (Becton-Dickinson, Cockeysville, Md.), 0.05% Tween 80, and 20 g of kanamycin per ml or 50 g of hygromycin per ml when appropriate. For expression of histidine-tagged antigens, the Escherichia coli BL21(DE3)pLysS strain (Invitrogen, San Diego, Calif.) was used for transformation with pET15b expression constructs. The cell wall and culture filtrate preparations from M. tuberculosis H37Rv were obtained from John Belisle under National Institute of Allergy and Infectious Diseases, National Institutes of Health contract NO1-AI-75320.
Determination of location of Tn5367 insertion. To identify the location of the Tn5367 insertion in the mc 2 1525 mutant, genomic DNA was isolated as described previously (4) . A cosmid genomic library was constructed by partially digesting the chromosomal DNA with Sau3A and cloning into the BamHI site of pYUB328. Upon transduction of E. coli, two independent kanamycin-resistant clones were identified from 2,000 independent, ampicillin-resistant transductants. The DNA sequence was determined for each cosmid using primers from Tn5367 (4) and was found to be identical for analogous insertions for each clone. The sequences derived from the Tn5367 junctions were GCCAACGCGGCCG CCGCGG TCCCGACCACGACGG TG T TGGCC GCCGCCGCCGATGAGG  TGTCGGCGGCGATGGCGGCATTGTTCTCCGGACACGCCCAGGCCTA  TCAGGCGCTGAGCGCCCAGGCGGCGCTGTTTCAC and TGTTTCACG  AGCAGT TCG TGCGGGCGC TCACCGCCGGGGCGGGC TCG TATGCGG  CCGCCGAGGCCGCCAGCGCGGCCCCGC TAGAGGG TGTGC TCGACG  TGATCAACGCCCCCGCCCTGGCGCTGTTGGGGCGCCCACTGATCGG  TAAC, respectively. These sequences were subjected to BLASTN alignment to the sequence database in TubercuList (12) . From the alignments it is clear that both sequences match with a member of the PE_PGRS family. However, only one open reading frame displays 100% homology, and it aligns with the sequence of the Rv1818c gene of M. tuberculosis. This analysis shows that Tn5367 has been inserted 219 bp downstream from the start of the BCG homologue of the M. tuberculosis Rv1818c gene.
Construction of vectors and recombinants. The Rv1818c gene of M. tuberculosis H37Rv was amplified by PCR using the Vent Polymerase (New England Biolabs, Beverly, Mass.), and the 1,500-bp fragment was cloned into pCRBlunt (Invitrogen). The forward primer 5Ј-ACGTAGCATATGTCATTTGTGGTC ACGATCCCGGAG-3Ј, containing an NdeI site, and the reverse primer 5Ј-TA GCGAGGATCCCTACGGTAACCCGTTCATCCC-3Ј with a BamHI site were used to amplify the fragment prior to insertion into the pET15b E. coli expression vector. The forward primer 5Ј-ACGTCCATGGGCTCA TTTGTGGTCA CGATCCCGGAG-3Ј, with an NcoI site, was used with the reverse primer described above to amplify the fragment before insertion into the pMV1-18 vector. A 390-bp fragment containing the hsp60 promoter region from M. tuberculosis (kindly provided by Joseph A. DeVito) was inserted into the multicloning site of pMV206 to produce pMV1-18. The Rv1818c gene was inserted in frame with the promoter region in pMV1-18 to produce pMV1-23, which expresses the 1818 PE_PGRS protein in transformed mycobacteria. The mutant BCG, mc 2 1525, was transformed with pMV1-18 and pMV1-23 using standard procedures (4), and transformants were selected in 7H11/oleic acid-albumin-dextrose-catalase agar plates containing 20 g of kanamycin per ml and 50 g of hygromycin per ml. Rv1818c was also cloned into the pET15b expression vector (Novagen Inc., Madison, Wis.), fused to a histidine tag, and expressed. Proteins were purified using nickel chromatography and the X-Press system (Invitrogen) (16) . Sequence analysis of transposon insertions in mutants was performed as previously described (15, 20) .
Macrophage infectivity assay. J774 macrophage-like cells (American Type Culture Collection, Rockville, Md.) were cultured in RPMI media (GIBCO BRL, Gaithersburg, Md.) supplemented with 10% fetal calf serum (HyClone, Logan, Utah), 2 mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, and 50 g of gentamicin (Life Technologies, Grand Island, N.Y.) per ml. Cells were placed in 24-well tissue culture plates (Costar, Corning, N.Y.) 24 h prior to infection with mycobacteria for an estimated cell number of 2 ϫ 10 5 cells per well. Plates were washed three times with Dulbecco's modified Eagle's medium (DMEM) (Life Technologies), and mycobacteria were added at a multiplicity of infection (MOI) of 1:1 or 10:1 (see figure legends for specific numbers of bacteria added). Mycobacteria were washed two times in attachment media (complete RPMI media with 1% fetal calf serum and without gentamicin), sonicated one time for 10 s, and diluted to the appropriate concentration in attachment media. For some experiments, mycobacteria were directly scraped from 7H11 plates into attachment media, allowed to "settle" as described previously (42) , and diluted as described above. This method results in a more dispersed population of mycobacteria being added to the wells containing macrophages and eliminates false determinations due to clumping of bacteria. Aliquots of the final dilution were plated for determination of mycobacteria added at the "0" time point. Following incubation at 37°C in a CO 2 atmosphere for 4 h, wells were washed three times with DMEM, and either RPMI media containing gentamicin were added for further incubation of the macrophages or cells were immediately lysed in 0.5% Triton X-100 in phosphate-buffered saline (PBS), pH 7.5. Aliquots of the lysates from each well were diluted in PBS containing 0.04% Tween 80, and numbers of CFU were determined by plating on 7H11 agar containing the appropriate antibiotic for maintaining selective pressure on BCG variants. Additional wells were used to determine the number of macrophages per well following the incubation periods. Electron microscopy indicates that, after washing, the number of mycobacteria determined per well reflects mostly bacteria that have entered the macrophage cells, since very few bacteria are found associated with the cell surface (M. J. Brennan, unpublished observations). The number of bacteria recovered ranges from 5 to 10% of the total number of bacteria added per well.
Mouse bone marrow macrophages (BMM) were collected as previously described (39) by flushing the femurs of C57BL6/J mice and then culturing the cells in DMEM containing 10% fetal calf serum (Hy-Clone), 2 mM glutamine, 10 mM HEPES, 0.1 mM nonessential amino acids, 50 g of gentamicin per ml, and 10% L-929 conditioned media. Invasion assays using BMM were performed as described for the J774 cells, except that cells were seeded into wells several days before performing the assay and that the DMEM containing the L-929 conditioned media supplement (39) was used for the assay.
Chromatographic separation of M. tuberculosis proteins. M. tuberculosis H37Ra were harvested after stationary culture in liquid media, centrifuged, and lysed by sonication as previously described (16) . The cell lysate was centrifuged at 15,000 ϫ g, and the supernatant was collected, dialyzed against Tris-buffered saline (TBS) (20 mM Tris-HCl, pH 7.0-150 mM NaCl 150 mM), and used in the following chromatographic steps. For ion-exchange chromatography, the lysate was added to DEAE Sephacel matrix (Pharmacia LKB, Uppsala, Sweden) in TBS buffer at a flow rate of 0.5 ml/min using a Bio-Rad Econo System (Bio-Rad, Hercules, Calif.), and the column was washed extensively using TBS. The bound material was then eluted by a 0.15 to 1 M NaCl gradient in TBS, and selected fractions from the DEAE chromatography were pooled, dialyzed against buffer A [2 M (NH 4 ) 2 PO 4 -0.025 M K 2 HPO 4 , pH 6.0], and then subjected to hydrophobic interaction chromatography on a phenyl-Sepharose column (Pharmacia). The material was bound to the column in buffer A at a flow rate of 0.5 ml/min, and the column was washed extensively using the same buffer. Three different elution steps were carried out in order to elute and separate the mycobacterial proteins according to their degree of hydrophobicity. First, the column was eluted using a 15-ml gradient of buffer A mixed with buffer B (0.025 M K 2 HPO 4 , pH 6.0) followed by a second gradient of buffer B diluted with buffer C (0.025 M K 2 HPO 4 , pH 6.0, and 80% [vol/vol] ethylene glycol) and a third gradient of buffer C mixed with buffer D (0.025 M K 2 HPO 4 , pH 6.0, and 50% [vol/vol] glycerol). From the 1-ml fractions collected during the chromatography, 0.2 ml was concentrated and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using the Nitro Blue Tetrazolium chloride-5-bromo-4-chloro-3-indolylphosphate (BCIP) system (Life Technology, Gaithersburg, Md.) for detection.
Immunoassays. For immunoblots, SDS-PAGE was performed as described originally by Laemmli (25) and proteins were transferred to nitrocellulose membranes as described by Harlow and Lane (23) . Antisera directed against 1818 PE_PGRS protein were collected from five C57BL/6 mice following three immunizations with 50 g each of purified His-tagged recombinant 1818 PE_PGRS or from mice immunized with three injections of 100 g each of DNA vaccine encoding 1818c PE_PGRS fused to a tissue plasminogen activator signal sequence as described elsewhere (16a). Pooled sera were used for incubations with nitrocellulose blots at a dilution of 1:500 to 1:1,500 and were visualized using alkaline phosphatase-conjugated anti-mouse whole molecule immunoglobulin G (Sigma, St. Louis, Mo.) and the NPP/BCIP alkaline phosphatase development system (Life Technology).
An indirect immunofluorescence assay was performed using bacteria cultured for 12 days in liquid media without shaking. Bacteria were washed in PBS, dried onto lysine-coated glass slides, and then fixed with 4% paraformaldehyde. Slides were bathed in PBS before addition of pooled anti-1818 PE_PGRS sera or preimmune-phase mouse sera at a dilution of 1:50 for 2 h at room temperature. After washing in PBS, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin (Zymed Laboratories, Inc., South San Francisco, Calif.) was added at a dilution of 1:50 for 1 h. Slides were viewed using a Nikon Optiphot-2 microscope equipped with a 100X fluorescence objective, and digital images were obtained using a SPOT RT color camera (Diagnostics, Inc., Sterling Heights, Mich.). Fluorescent and phase contrast images were merged using SPOT RT software and posterized using Adobe Photoshop software.
RESULTS
Identification of a BCG transposon mutant that has a dispersed growth phenotype. Certain bacterial adhesins including a previously described mycobacterial heparin-binding hemagglutinin (HBHA) induce autoaggregation of bacteria (9, 32, 33) . We reasoned that mutants with defective adhesins might not form typical large cell aggregates when grown in liquid media ( Fig. 1) but rather would show a dispersed growth phenotype. A library of 1,920 independent transposon mutants of BCG (4) grown in liquid media was screened by visual examination for mutants that show a more dispersed phenotype. Nine potential mutants were selected and rescreened microscopically. One mutant, mc 2 1525, was notably deficient in aggregation ( Fig. 1 ) and was analyzed in more detail. When grown in liquid media, BCG began to show prominent clumping at approximately day 7, while no clumping was observed with mc 2 1525 until day 15. In a number of immunoassay experiments, using a monoclonal antibody specific for HBHA (33) PE_PGRS , we performed a complementation analysis. Plasmid pMV1-23 containing the Rv1818c open reading frame expressed from an hsp60 promoter was used to transform the mutant BCG strain mc 2 1525. Microscopic analysis of liquid cultures of a number of clone-purified, independent transformants showed a growth phenotype characteristic of the wild-type BCG (Fig. 1) . Therefore, complementation of mc 2 1525 with Rv1818c restored the clumping phenotype similar to the in vitro growth of the BCG parent strain.
To verify that the Rv1818c gene is expressed following genetic complementation, we performed Western blot analysis of whole-cell lysates of mc 2 1525 expressing 1818 PE_PGRS by using sera from mice immunized with an 1818 PE_PGRS DNA vaccine (16a). These sera are not specific for 1818 PE_PGRS but crossreact with a number of putative PE_PGRS proteins (Fig. 3B  below) . As shown in Fig. 3A, lanes 1 and 2, protein bands of about 42 kDa cross-reactive with the anti-1818 PE_PGRS sera were observed in all strains of BCG tested by using the anti-1818 PE_PGRS sera in immunoblots, including mc 2 1525 (Fig. 3A,  lane 1 shown). On Western blots containing lysates of mc 2 1525 transformed with 1818 PE_PGRS (Fig. 3A, lane 2) , a new band of about 41 kDa reactive with the anti-1818 PE_PGRS sera was observed compared with mc 2 1525 containing the vector only (Fig. 3A, lane 1) . These results indicate that the appearance of a new protein band in mc 2 1525 lysates is associated with complementation and restoration of the clumping phenotype.
PE_PGRS proteins are localized to the surface of mycobacteria. The protein encoded by 1818 PE_PGRS is a member of a family of 61 M. tuberculosis genes designated PE_PGRS (12) . The N-terminal region of 1818 PE_PGRS is highly homologous with most members of the PE_PGRS family as well as the PE family (Fig. 2) . The PGRS domain, which extends to the C terminus, contains a large number of Gly-Ala repeats. The PE_PGRS proteins, including 1818 PE_PGRS , also contain a putative transmembrane domain, which suggests that they could be interculated into the mycobacterial cell wall. Partial characterization of the antisera raised against 1818 PE_PGRS in mice has indicated that the antibodies are directed toward the PGRS domain, which contains the Gly-Ala repeats, and that it cross-reacts with a number of putative PE_PGRS proteins (16a). These anti-1818 PE_PGRS sera were used to determine if PE_PGRS proteins are found in cellular fractions of M. tuberculosis. On Western blots, the antisera recognized purified recombinant 1818 PE_PGRS (Fig. 3A, lane 3) as well as major protein bands of 42 to 45 kDa and lower-molecular-weight bands in a cell wall preparation of M. tuberculosis H37Rv (Fig.  3A, lane 4) . No reactivity was observed with culture filtrate proteins prepared from M. tuberculosis H37Rv (Fig. 3A, lane  5) . To further analyze the antisera used in this study, lysates of Mtb H37Ra were concentrated by DEAE ion-exchange chromatography and multiple bands were detected at approximately 40 kDa (Fig. 3B, lane 1) . Upon further separation of this material by hydrophobic interaction chromatography, the 1818 PE_PGRS antisera detected at least three major bands in Western blots containing fractions eluted according to increasing hydrophobicity (Fig. 3B, lanes 2 to 6) . This result suggests that multiple PE_PGRS proteins, immunologically related to 1818 PE_PGRS , are expressed by M. tuberculosis in culture, albeit in low amounts. To date, attempts to specifically identify these proteins, including 1818 PE_PGRS , by N-terminal amino acid sequencing of the separated immunoreactive protein bands have failed. Together these results suggest that a number of PE_PGRS proteins may be expressed by BCG and M. tuberculosis in culture, some of which may be localized to the cell wall.
Indirect immunofluorescence was also performed using the anti-1818 PE_PGRS polyclonal sera and FITC-conjugated antimouse sera to determine if PE_PGRS antigens can be visualized on the surface of BCG. A specific, pronounced, punctatelike surface staining of the BCG parent strain was observed (Fig. 4A ) compared with control sera (Fig. 4C) . The mc 2 1525 strain showed some staining but much less than the parent strain (Fig. 4B) . We also observed a very pronounced immunofluorescent staining at the surface of M. tuberculosis strain CDC1551 (data not shown). These findings are consistent with the suggestion that PE_PGRS proteins are found at the cell surface of mycobacteria.
The BCG 1818 PE_PGRS ::Tn5367 mutant mc 2 1525 is deficient in its ability to infect macrophages. To test whether the mc 2 1525 variant is also attenuated in its interactions with eukaryotic cells, we compared the ability of mc 2 1525 and the BCG parent strain to enter and reside within J774 macrophage-like cells. Mycobacteria from log-phase cultures were incubated at an MOI of 10:1 (approximately 10 6 mycobacteria per 10 5 J774 cells) or 1:1 (approximately 10 5 mycobacteria per 10 5 J774 cells) with monolayers of J774 cells for 4 h, and then cells were lysed and plated for the determination of colonies. At an MOI of both 10:1 and 1:1, mc 2 1525 infected J774 cells about 1 log less well than did the BCG parent line (Fig. 5A) . We then compared the ability of mc 2 1525 and BCG to enter and survive within BMM over a 2-day period (Fig. 5B) . As observed for the J774 macrophage cell line, there is approximately a 1-log difference in the number of mc 2 1525 organisms found within primary BMM cells after 4 h of incubation and this initial reduced level of bacterial infection is maintained over the 2-day period. These results suggest that the alteration of a gene in mc 2 1525 also attenuates the ability of the bacteria to interact with macrophages, although mycobacteria that enter the macrophages can survive for a number of days.
Since complementation of mc 2 1525 with the Rv1818c gene restores the clumping phenotype, we also investigated the ability of complementation to augment the ability of the BCG 1818 PE_PGRS ::Tn5367 mutant to infect J774 cells. As seen in Fig. 5C , while the mc 2 1525 strain containing only the vector showed the same reduced level of entry into J774 cells as mc 2 1525 after 4 h, the number of mc 2 1525 organisms expressing Rv1818c residing within J774 cells was equivalent to that of the BCG parental strain. These results indicate that complementation of the 1818 PE_PGRS ::Tn5367 mutation with the wildtype gene restores cell surface properties of the bacterium, including the ability of the BCG variant to efficiently infect macrophages.
DISCUSSION
In this investigation, we have used transposon mutagenesis to identify a novel mycobacterial protein that is associated with phenotypic changes in the parent strain that alter the adhesive properties of the mycobacteria. Recently, a similar BCG transposon library was used to identify a mycolic acid cyclopropane synthetase as a virulence factor in M. tuberculosis by screening for variants that are deficient in cord formation (20) . For our investigation, we reasoned that a mutant which exhibited a nonaggregative morphology may identify a gene that influences the interaction of mycobacteria with other cells, since there is evidence that adhesins can also induce autoaggregation of bacteria (9, 32) . In fact, it has previously been shown that the mycobacterial adhesin HBHA promotes bacterial aggregation (16, 31, 33) .
In this study, after screening more than 1,900 BCG transposon insertion mutants, one mutant strain, mc 2 1525, was singled out for demonstrating an obvious difference in clumping morphology in culture compared to the parent strain. Surprisingly, sequence analysis revealed that the Tn5367 transposon had interrupted a gene identical to the Rv1818c gene of M. tuberculosis H37Rv, which is a member of the multigene PE_PGRS family distributed throughout the M. tuberculosis genome (12) . As recently shown (11, 12) , the PE_PGRS genes are a subgroup of the PE family of genes that are composed of 38 PE and 61 PE_PGRS genes. Both have a highly conserved Nterminal domain of 110 to 130 amino acids containing the PE motif. The protein encoded by the Rv1818c gene of M. tuberculosis is typical of the PE_PGRS family in that (i) it is highly homologous with many of the average-sized PE_PGRS genes; for example, Rv1818c shows about 60% identity with the PE_PGRS gene Rv1756c (12), (ii) the N-terminal PE region of Rv1818c shows a very high degree of homology with the genes in the PE family, including those that encode only the PE domain, and (iii) it is composed of 41% glycine and 20% alanine, and the PGRS domain contains 21 GGAGGX repeats (Fig. 2) .
To date, evidence suggests that the occurrence of numerous PE and PE_PGRS genes is restricted to members of the M. tuberculosis complex and a few other mycobacterial species (11, 12, 18, 35) which infect primarily humans and other mammals (13, 40) . This implies that the PE multigene family may have a role in mycobacterial infection and survival within host tissues or, as has been suggested, that the numerous PE_PGRS genes could function as a source of antigenic variability for M. tuberculosis in order to evade the host immune response (12, 44) . However, very little is known about the function of the proteins encoded by the M. tuberculosis PE_PGRS multigene families. Although it has been demonstrated that some PE_PGRS pro- PE_PGRS sera (A and B) or with preimmune mouse sera (C) followed by FITC-conjugated anti-mouse sera. Arrows designate the pronounced surface staining of clusters of BCG in panel A and the reduced punctate staining observed on mc 2 1525 cells in panel B. Fluorescence was visualized using a Nikon Optiphot-2 microscope with a 100ϫ fluorescent objective. Images were taken using a SPOT RT digital camera and were posterized using Adobe Photoshop software. (ϫ1,000).
teins are preferentially expressed within host cells (36) , our experiments associating loss of aggregation and reduced infection of macrophages with a mutation in the 1818 PE_PGRS gene indicate that certain PE_PGRS proteins are also expressed in culture. Also, as shown by immunoblots, antisera raised against 1818 PE_PGRS protein recognized multiple protein bands at approximately 40 to 45 kDa in strains of M. tuberculosis and M. bovis, which is the predicted molecular size of several PE_PGRS proteins (12) both in a cell wall preparation of M. tuberculosis and in whole-cell lysates of M. tuberculosis and BCG strains. This is consistent with other studies in which it has been demonstrated that the major humoral response to 1818 PE_PGRS is directed against the PGRS domain, which contains the Gly-Ala repeats present in most PE_PGRS proteins (16a). Immunofluorescence studies using the anti-1818 PE_PGRS sera also indicate that PE_PGRS proteins are located on the cell surface of BCG as well as M. tuberculosis. It is of interest that glycine-rich proteins with some homology with the PGRS region of the PE_PGRS proteins are found in the cell wall of a number of plants (28, 46) . Together these data and the fact that there is a putative transmembrane domain predicted in the sequence of PE_PGRS proteins (12) suggest that certain of these proteins may be associated with the cell surface of mycobacteria.
The capacity of mycobacteria such as M. tuberculosis and M. bovis to form cell aggregates (clumps) while growing in liquid culture is altered by the inactivation of the Rv1818c-like gene in mc 2 1525, as is its ability to efficiently interact with macrophages. It is possible that mc 2 1525 demonstrates less infectivity of macrophages because it does not aggregate like the parent strain, therefore resulting in fewer bacteria accumulating within the macrophages. However, we have used a method of preparing the bacteria for the infectivity assay (42) which should minimize the number of aggregated bacteria being added to the macrophages. Utilizing this method we observed that mc 2 1525 enters macrophages about 1 log less well than does the parent strain. The time course studies using primary BMM also suggest that it is only the initial adherence event that is affected by the loss of 1818 PE_PGRS and that mc 2 1525 organisms are able to survive as well as the parent strain within the macrophages for 48 h, albeit in lesser numbers. However, we cannot rule out the possibility that the reduced numbers of mc 2 1525 organisms observed after 4 h is due to increased (12) . However, since there are likely to be numerous PE_PGRS genes in BCG, it is surprising that the disruption of one PE_PGRS gene results in the phenotypic changes noted in this study. There are several possible explanations for the alteration in phenotypic properties of M. bovis BCG observed in these studies which are areas for continued exploration. These include the possibility that 1818 PE_PGRS is directly involved in the cell adhesion events because it is a member of the PE_PGRS family that is preferentially localized to the surface of the bacterium or, alternatively, that 1818 PE_PGRS is a critical participant in the formation of a complex cell wall structure with adhesive properties, perhaps composed of a number of PE_PGRS proteins. Examples of complex prokaryotic structures such as fimbriae (pili) (2) and the type III secretion structures that are composed of many closely related proteins and promote bacterium-host interactions (14, 19, 26) could serve as models for further study. It is of interest that another PE_PGRS protein encoded by the M. tuberculosis gene Rv1759c has been characterized as a fibronectin-binding protein (1, 18) . However, we cannot exclude the possibility that loss of the 1818 PE_PGRS indirectly affects the surface properties of the mycobacteria by a polar effect on other proteins or cell wall components which then alters the cell surface properties of the bacterium. Also, the attenuation of 1818 PE_PGRS could result in a less viable strain which has phenotypic characteristics like those documented in this study. The direct influence of 1818 PE_PGRS on mycobacterial interactions with other cells awaits further experimentation with purified protein and specific antibody probes as well as the construction of M. tuberculosis strains carrying specific gene deletions in the PE_PGRS gene(s).
Ramakrishnan et al. (36) have recently shown that certain members of the PE_PGRS family are expressed within host tissues and macrophages infected with Mycobacterium marinum. In this study, the evidence suggests that certain PE_PGRS proteins may also be expressed by mycobacteria living outside the host cell and may be located at the cell surface where they can influence the interactions of mycobacteria with other mycobacteria and with the macrophage target cell of the host. Thus, the mycobacterial PE_PGRS proteins may have multiple roles in the infectious process which culminates in tuberculosis.
